INTRODUCTION
The branchiomotor (BM) subset of cranial motoneurons is born in columns adjacent to the floor plate at Hamburger and Hamilton stage 14 [embryonic day (E) 2.5] (Hamburger and Hamilton, 1992; Varela-Echavarria et al., 1996) . Initial unbranched motor axon outgrowth occurs at stages 14-15 in a lateral direction through the neuroepithelium, with the majority of axons exiting the dorsal hindbrain by stage 17 (E3), and axon trajectories being well established by stages 19-25 (E4-5) (Guthrie and Lumsden, 1992) . The first BM axons start to reach the branchial arch muscles at stage 19 (E4) (see Fig. 1B ). Concomitant with axon extension into the periphery, BM neuronal somata migrate from their ventral origin and subsequently cluster to form nuclei adjacent to their dorsal exit points (Simon et al., 1994) . BM axons initially innervate a single muscle mass within each branchial arch (Fig. 1B) , which later splits into a number of muscles, accompanied by branch formation of the motor nerve and arborisation of nerve terminals (McClearn and Noden, 1988) . Whereas early BM axon extension has been shown to depend on the action of repellent cues produced by the floor plate (Hammond et al., 2005; Varela-Echavarria et al., 1997) , the molecular cues that mediate subsequent stages of BM neuron development remain largely unknown (reviewed by Guthrie, 2007) .
The type II cadherins, cadherin-7 (Cad7) and cadherin-6B (Cad6B), are expressed during early and late phases of chick BM neuron development, respectively (Fig. 1C,D) (Ju et al., 2004) . Here, we demonstrate that Cad7 and Cad6B play distinct roles in BM neuron development, consistent with their different expression profiles. Using in vitro and in vivo approaches, we show that Cad7 promotes the growth of a single unbranched axon and regulates axon guidance, whereas Cad6B promotes axon branching, acting via the phosphatidylinositol 3-kinase (PI3K) pathway.
MATERIALS AND METHODS

Embryos
Fertilised chicken eggs (Henry Stewart Farm, Louth, Lincolnshire, UK) were incubated to appropriate stages (Hamburger and Hamilton, 1992) at 37°C in a humidified forced draft air incubator.
Plasmids myristylated-GFP (control) (Hammond et al., 2005) , truncated MNcadDnlacZ (extracellular domain deletion), truncated Cad7 (cytoplasmic and transmembrane deletion; kind gift of Dr M. Vermeren, Cambridge University, UK), full-length Cad7-flag (kind gift of Dr C. Redies, University of Jena, Germany) and full-length Cad6B-nlacZ, myristylated-Akt-GFP (kind gift of Dr W. Snider, University of North Carolina, USA) were used, all utilising a chick b-actin promoter with a CMV enhancer (pCAGGS). shRNA plasmids were Cad7-shRNA-RFP, Cad6B-shRNA-RFP and their control (scrambled sequence) variants, all utilising a chick U6 promoter (Das et al., 2006) . Full-length Cad6B-nlacZ, MNcadD-nlacZ and full-length Cad7-flag were co-electroporated with myristylated-GFP in order to label the electroporated axons.
Characterisation of shRNA constructs
To verify knockdown of cadherin expression, shRNA constructs for Cad7 or Cad6B (or scrambled controls) were transfected into HEK293 cells together with Cad7-flag or Cad6B-nlslacZ using Fugene reagent (Roche), and immunostained after 48 hours using rabbit anti-flag (1:1000; Sigma) or chicken anti-b-galactosidase (1:1000; Abcam) antibodies (secondary antibodies as below); as controls, cells were transfected with tagged cadherin constructs only. Transfection of shRNAs, but not control shRNAs, reduced the expression of the tagged cadherins by 90-95% relative to controls (see Fig. S1 in the supplementary material). Western blots confirmed a similar reduction in cadherin levels by shRNAs (data not shown).
Dissociated neuron cultures and NIH3T3 cell co-cultures
Cranial motoneurons were grown on laminin-coated coverslips or on monolayers of transfected NIH3T3 cells. Glass coverslips were coated with poly-D-ornithine and laminin (15 mg/ml and 1 mg/ml, respectively; Sigma). NIH3T3 cells were transfected with Cad7-flag or Cad6B-nlacZ ['nucleofection' with cell line kit (Lonza Biosystems, Germany) or mock transfection without DNA as a control] using an Amaxa machine (Lonza Biosystems, Germany) and plated in chamber slides (Lab-Tek). Expression of Cad7 and Cad6B by 50-60% of cells in monolayers was confirmed by immunostaining using mouse anti-flag or chicken anti-b-galactosidase antibodies (both 1:1000; Abcam; data not shown).
For preparation of cranial motoneurons, we used a protocol adapted from Henderson et al. (Henderson et al., 1995) , using the ventral portion of the hindbrain, which is enriched in cranial motoneurons at E3 (stage 16-17) or E5 (stage 25-26). Dissociated neurons were plated on laminin-coated coverslips or on NIH3T3 cell monolayers in chamber slides, in Neurobasal medium with 2% (v/v) B27 supplement, 2% (v/v) 
(all from Gibco), 1% (v/v) chick embryo extract and 50 ng/ml CNTF (R&D Systems). In some experiments, neurons were transfected with full-length Cad7 or full-length Cad6B constructs and myr-GFP, or with the myr-GFP construct alone as a control, using the chick nucleofection kit and an Amaxa machine. Co-expression of myr-GFP with b-galactosidase-tagged Cad6B or flag-tagged Cad7 in neurons was verified by immunostaining (data not shown).
In some experiments, dissociated BM neurons grown on laminin were treated with soluble Cad7 protein, which was generated from medium conditioned by HEK293 cells transfected by a construct encoding Cad7 lacking its cytoplasmic and transmembrane domains (Hammond et al., 2005) . Controls for these experiments were treated with medium collected from mock-transfected HEK293 cells.
To investigate PI3K signalling, E5 neurons cultured on a Cad6B-expressing monolayer were treated with the PI3K inhibitor LY294002 (Cell Signaling Technologies) 24 hours after plating, at 5 mM, 10 mM and 40 mM. The inhibitor was diluted in pre-warmed culture medium. Controls were treated with dimethyl sulphoxide (DMSO) vehicle (Sigma).
Immunohistochemistry on cultures
Coverslips/chamber slides were fixed for 20 minutes in warmed 4% paraformaldehyde, rinsed in PBS and blocked using PBS containing 1% (v/v) sheep serum (Gibco) and 0.5% (v/v) Triton X-100. For quantitation, cultures were immunostained using mouse anti-Islet1/2 [1:200; 4D5, Developmental Studies Hybridoma Bank (DSHB), Iowa, USA] and rabbit anti-neurofilament H (1:1000; AB1991, Chemicon) antibodies diluted in blocking solution. Secondary antibodies were Alexa Fluor 568 anti-rabbit and Alexa Fluor 488 anti-mouse (1:500; Invitrogen). At least 30 Islet1/2-positive neurons per condition were imaged in three separate experiments. Total axon length was quantitated using SimplePCI software; the number of branch points per neuron and the number of axons extending from the cell body ('polarity') were counted manually. Statistical analysis utilised Student's t-test (two-tailed) or the Mann-Whitney U-test. Some neurons were immunostained using mouse anti-Cad7 or anti-Cad6B antibodies (1:100; DSHB) together with rabbit anti-Islet1/2 antibody (321; kind gift from Dr T. Jessell, Columbia University, USA).
Electroporation of chick embryos in ovo
Electroporation was performed at stage 10-11 (E2) as previously described (Hammond et al., 2005; Momose et al., 1999) and embryos were incubated to E4, E5 or E6. Immunohistochemistry was performed on whole-mount or cryosections as described previously (Hammond et al., 2005) , using rabbit or chicken anti-GFP (1:1000; Invitrogen), mouse anti-Islet1/2 (4D5; 1:500), mouse anti-SC1 (1:100; DSHB), chicken anti-b-galactosidase, antisarcomeric myosin antibody MF20 (1:250; DSHB) and rabbit anti-phosphoAkt (1:500; Ab 9271, Cell Signaling Technologies). Visualisation of motor axon trajectories in hindbrains electroporated with cadherin gain-and lossof-function constructs was achieved by co-electroporation of a myristylated-GFP (myr-GFP) construct. To verify co-expression of the constructs in the vast majority of cells, and to confirm expression by motoneurons, hindbrains were immunostained for the cadherin tag (b-galactosidase or flag), GFP and Islet1/2, and/or SC1 (see Fig. S2 in the supplementary material).
RESULTS
The expression patterns of Cad7 and Cad6B in the chick hindbrain were surveyed by Ju et al. (Ju et al., 2004) (Fig. 1C,D) . These data show the early expression of Cad7 by radial glia in the hindbrain basal plate from stage 11 (E2) onwards. During stages of axon extension, BM neurons express Cad7 and show high levels of expression at stage 15 (E3) onwards. Boundary cap cells, which lie outside the dorsal exit points and are contacted by BM axons, also express Cad7. Cad7 is expressed throughout successive waves of BM neuron differentiation, starts to be downregulated at ~stage 25, but persists until stage 30 (E8), when the majority of BM neurons have formed nuclei adjacent to the exit points (Simon et al., 1994) . By contrast, Cad6B expression is upregulated during the phase of Cad7 downregulation (stages 25-30; E5-8) (Ju et al., 2004) . We therefore tested the hypothesis that Cad7-mediated interactions play a role during the early unbranched outgrowth of cranial motoneurons, whereas Cad6B plays a role during later maturation and branching.
Cad7 and Cad6B are expressed by dissociated cranial motoneurons
We confirmed cadherin protein expression in cultures of dissociated hindbrain neurons, which were used in subsequent experiments to test the effects of cadherins on motor axon growth and branching. Stage 25 (E5) neurons were dissociated and cultured for 48 hours and labelled with anti-Cad7 or anti-Cad6B, and anti-Islet1/2 antibodies. Both cadherins were expressed at this stage, but whereas Cad7 expression appeared in a proximal-to-distal gradient from the cell body ( Fig. 2A,C) , Cad6B was expressed uniformly (i.e. on cell bodies and axons) and was strongly expressed within the growth cone (Fig. 2B,D ).
Cad7 and Cad6B have contrasting effects on cranial motoneuron growth and branching in vitro
We sought to mimic in vitro the different cadherin environments that cranial motoneurons are exposed to in vivo, by challenging dissociated cranial BM neurons to grow on substrata expressing either
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Development 137 (5) Cad7 or Cad6B. NIH3T3 cells were mock transfected (control), or transfected with full-length Cad7 or Cad6B constructs and allowed to form a monolayer, on to which dissociated E5 cranial motoneurons were seeded, allowing direct cadherin-mediated interactions to occur ( Fig. 2E-K) . Cranial motoneurons were visualised by their expression of neurofilament H and Islet1/2 antigens (as above). Three aspects of axonogenesis were quantitated per condition: total neuron length, the total number of branch points per neuron, and the number of axons extending from the cell body, a measure of neuronal 'polarity'. We quantitated both the mean number of branch points under a particular condition, and the percentage of neurons with a particular number of branch points (range of 0-4).
Dissociated E5 cranial motoneurons cultured on control or on Cad7-expressing NIH3T3 cells did not show a significant difference in axon length (Fig. 2H ), but cranial motoneurons cultured on Cad7-expressing cells showed a significant reduction in the number of branch points compared with the control (an average of 0.6 compared with 1.36 branch points per neuron, respectively; P=3.5ϫ10
, Mann-Whitney test; Fig.  2I ,K). The number of processes extending from the cell body (polarity) was also significantly reduced in the presence of a Cad7-expressing monolayer (an average of 2.1 on Cad7-expressing cells compared with 2.5 on control cells; P=4.7ϫ10 -3 , Mann-Whitney test; Fig. 2J ). This is consistent with Cad7 interactions suppressing 807 RESEARCH ARTICLE Cadherins in cranial motoneuron development DEVELOPMENT cranial motor axon branching and multipolar morphology in E5 neurons and promoting unbranched outgrowth without influencing total axon length.
We next examined the role of Cad6B-mediated interactions and found that, as for Cad7, they had no effect on E5 cranial motor axon length compared with controls ( Fig. 2H ). However, Cad6B-mediated interactions significantly increased branching (an average of 1.9 branch points on Cad6B-expressing cells compared with 1.31 on control cells; P=0.04, Mann-Whitney test; Fig. 2I,K) . Therefore, interactions with Cad6B have the opposite effect to those with Cad7. This is underscored by the fact that the modal number of branch points for control neurons and those grown on Cad7-or Cad6B-expressing cells was 1, 0 or 2, respectively (Fig. 2K) . However, culture on Cad6B cells had no significant effect on the number of axons extending from the cell body, indicating that it promotes interstitial branching rather than the development of multiple axons (Fig. 2J) .
As Cad7 is expressed before Cad6B in the hindbrain (from E2 onwards), we investigated the effects of Cad7 on the initial growth of cranial motoneurons at E3. Preliminary experiments showed that soluble Cad7 had the same effect on the growth and morphology of E5 neurons as culture on cell monolayers (data not shown). Soluble Cad7 (which contains the extracellular portion only) was applied to cranial motoneurons plated on laminin-coated coverslips. This resulted in significantly longer axons than for control neurons treated with mock-conditioned medium (average total axon length of 344 mm and 201 mm, respectively; P=1.3ϫ10 Fig. 3A-C) . However, cranial motoneuron branching and polarity were not affected (Fig. 3D,E) .
Together, these data suggest that Cad7-and Cad6B-mediated interactions are required for distinct events during cranial motor axon outgrowth. Cad7 promotes outgrowth of E3 cranial motoneurons but suppresses branching, without affecting overall outgrowth at E5. Cad6B promotes branching of E5 motoneurons, thus enhancing a more mature motoneuron phenotype.
Do heterophilic interactions modulate the effects of Cad7 or Cad6B?
Cranial motoneurons at E5 express both Cad7 and Cad6B. Growth on Cad7-expressing substrata suppresses branching, whereas growth on Cad6B enhances branch formation. We asked whether the additional expression of Cad6B or Cad7 within the neurons would enhance or attenuate the effects of growth on Cad7 or Cad6B substrata, respectively. Dissociated E5 neurons were transfected with myr-GFP ('GFP') alone, myr-GFP and Cad7, or myr-GFP and Cad6B constructs, and were cultured on NIH3T3 cell monolayers. Motor axons were visualised by their expression of GFP and Islet1/2.
We found that the axonal outgrowth and branching of GFP neurons on Cad7 or Cad6B monolayers was very similar to that of untransfected neurons on the same monolayers, indicating that the transfection procedure does not affect cranial motoneuron behaviour (compare Fig. 4A with Fig. 2I ). Overexpression of Cad7 by the neurons did not further reduce branching on a Cad7 monolayer in comparison to GFP neurons with endogenous levels of Cad7 (Fig. 4A-C) . Overexpression of Cad6b in neurons cultured on a Cad6B monolayer did not cause a significant elevation of branching compared with GFP neurons with endogenous levels of Cad6B cultured on a Cad6B monolayer. These data indicate that expressing higher than endogenous levels of Cad7 or Cad6b on E5 cranial motoneurons does not lead to additional promotion/suppression of branching on a substratum expressing the same cadherin.
We next tested the effect of culturing neurons transfected with additional Cad6B on a Cad7 monolayer. This resulted in a significant increase in branching relative to GFP-or Cad7-expressing neurons grown on a Cad7 monolayer (P=0.05, Student's t-test; Fig. 4A-C) . The distribution of branch points between the data sets is also significantly different (P=0.01, Mann-Whitney test, Fig. 4B,C) . Thus, whereas control neurons grown in a Cad7 environment show reduced axon branching, the expression of Cad6B on the cranial motoneurons increases branching to levels similar to those of neurons grown on control NIH3T3 cells (Fig. 2) . Thus, additional Cad6B expression in the cranial motoneuron exerts an opposite effect to growth on a Cad7-expressing substratum, further indicating that Cad6B and Cad7 exert opposing effects on cranial motor axon growth in vitro. This suggests that heterophilic interactions between Cad6B on the neuron and Cad7 in the environment can mediate an increase in branching.
The converse experiment examined the effect of culturing neurons overexpressing Cad7 on a Cad6B monolayer. This did not result in a significant reduction in branching when compared with GFP neurons or Cad6B-expressing neurons on a Cad6B monolayer (P=0.22 and 0.2, respectively, Student's t-test; P=0.068 and 0.069, respectively, Mann-Whitney test; Fig. 4B ). Therefore, Cad7 expression by the neuron cannot abolish the branching effects induced by the Cad6B monolayer, but does attenuate branching induced by the Cad6B monolayer to a level similar to that seen in Cad6B-transfected neurons grown on a Cad7 substrate (P=0.879,
RESEARCH ARTICLE
Development 137 (5) Student's t-test). Thus, with upregulation of Cad7 or of Cad6B within the cranial motoneuron, the effect of growth on the NIH3T3 monolayer expressing the other cadherin was diminished. Furthermore, the branching observed for Cad7-transfected neurons cultured on a Cad6B monolayer was significantly elevated relative to Cad7-transfected neurons on a Cad7 monolayer (P=0.007, Student's t-test; P=0.008, Mann-Whitney test; Fig. 4B ), indicating that exogenous Cad6B can elevate branching even when neurons express Cad7. These data strongly suggest that expression of cadherin within the environment and cadherin expression within the cranial motoneuron promote different axon behaviour.
Overexpression of Cad7 or Cad6B in vivo influences BM axon branching and morphology
We next asked whether in vivo manipulation of Cad7 or Cad6B affects cranial motoneuron development. We electroporated fulllength Cad7 or Cad6B plasmids into the chick embryo ventral hindbrain at E2, with the myr-GFP construct as a control (Hammond et al., 2005) . Cad7 or Cad6B plasmids were co-electroporated with myr-GFP (prior experiments confirmed co-expression of both plasmids; see Fig. S2 in the supplementary material) . Embryos were incubated until E4 and then immunostained using anti-GFP and antiIslet1/2 antibodies to visualise electroporated motoneurons. Electroporation of the myr-GFP construct alone resulted in widespread expression of myr-GFP by BM neurons, which showed normal morphology and axon pathways (n=15; Fig. 5A,B) . The axons showed no evidence of branching during their lateral projection (Fig. 5B) .
Following electroporation with Cad7, the gross pattern of axon projection towards the exit points was normal (Fig. 5C ), but some axon guidance defects were observed. Some GFP + motor axons failed to project away from the floor plate (11/15 embryos), and instead projected longitudinally (Fig. 5D ). Other GFP + axons initially grew laterally but produced a longitudinal branch, often at 90° to the main axon shaft (Fig. 5E,F ). This suggests a dysregulation of the normal branching programme and/or a disruption of responses to axon guidance information. Axons sometimes appeared disorganised in the vicinity of the exit point (asterisk in Fig. 5E ), and transverse sectioning of Cad7-overexpressing embryos showed that axons overshot their dorsal exit point (6/15 embryos; Fig. 5G ). Our interpretation of these data is that Cad7 expression by the radial glia of the neuroepithelium and boundary cap cells of the exit point act as a guidance cue via interactions with Cad7-expressing BM axons. Global expression of Cad7 disrupts these interactions and leads to branching and axon guidance defects, producing longitudinal rather than circumferential axon growth.
Next, we misexpressed full-length Cad6B at E2 (representing a premature onset of Cad6B expression, which normally occurs at E5). This produced no gross disruptions to cranial motoneuron organisation (Fig. 5H) . However, abnormal axon branching was observed, with neurons bifurcating even though general lateral extension was correct (16/20 embryos; Fig. 5I,J) . In some cases, electroporated motoneurons extended multiple processes (10/20 embryos; Fig. 5J ). Electroporation with Cad6B also induced the aggregation of BM axons at rhombomere boundaries (6/20 embryos; Fig. 5K ). This suggests that BM axons expressing Cad6B prefer to grow with other Cad6B-positive axons rather than with the Cad7-expressing neuroepithelium. At low frequency, we also observed that Cad6B-expressing axons stalled and failed to exit the hindbrain (2/20 embryos; Fig. 5L ).
Thus, premature Cad6B overexpression resulted in phenotypes distinct from those produced by Cad7 overexpression (see summary schematic in Fig. 5M,N) and similar to those observed upon manipulation of Cad6B function in vitro.
Effects of cadherin loss of function
In order to obtain further in vivo data on the role of cadherinmediated interactions, a dominant-negative type II cadherin plasmid, or a Cad7 or Cad6B short hairpin RNA (shRNA) plasmid (Das et al., 2006) , was electroporated into the chick hindbrain at E2, with analysis as described above.
A truncated form of MN-cadherin (MNcadD), which contains the cytoplasmic and transmembrane domains and an nlacZ tag, was coelectroporated with the myr-GFP construct and showed co-809 RESEARCH ARTICLE Cadherins in cranial motoneuron development DEVELOPMENT expression in the same cells (data not shown). Cadherins lacking their extracellular domain fail to form cadherin-dependent adhesions, and such constructs have been shown to act in a dominant-negative fashion to perturb cadherin function (Fujimori and Takeichi, 1993; Kintner, 1992) . Transfection of this construct into BM neurons can abrogate the effects on axon branching of growth on Cad7-and Cad6B-expressing monolayers (data not shown). As Cad7 is expressed from E2 to E5, whereas Cad6B is expressed later, it is likely that Cad7-dependent interactions are disrupted by this manipulation in vivo.
In E4 hindbrains, electroporated motoneurons were identified by immunostaining with anti-GFP and anti-Islet1/2 antibodies as above. As with type II cadherin overexpression, the gross morphology of BM axon tracts was normal (Fig. 6A) . However, hindbrains electroporated with MNcadD showed defects in BM axon morphology (20/20 electroporated embryos). MNcadD-GFPexpressing motor axons branched as they projected away from the floor plate (Fig. 6B) or extended multiple axons (Fig. 6C) , suggesting a loss of polarisation. These data are in agreement with our in vitro data demonstrating that Cad7-mediated interactions restrict cranial motor axon branching and polarity. MNcadD-GFPexpressing motor axons were found ectopically located within, or entering, the floor plate and extending longitudinally (10/20 embryos) (Fig. 6D) , suggesting that Cad7-mediated interactions are required for lateral growth from the midline.
We next electroporated shRNA plasmids that were identifiable through RFP fluorescence. Misexpression of a control Cad7-shRNA plasmid containing scrambled sequence resulted in no observable effects on cranial motor axon extension or growth (Fig. 6E) . However, electroporation of a Cad7-shRNA plasmid resulted in similar axon growth and pathfinding errors to those described with the dominant-negative MNcadD plasmid, further indicating that the effect of MNcadD misexpression is likely to be due to disruption of Cad7 function. Following Cad7-shRNA expression, cranial motor axons were observed projecting within or parallel to the floor plate (6/8 embryos; Fig. 6G,H) , or with multiple branch points (6/8 embryos; Fig. 6I ), similar to the phenotypes exhibited by the MNcadD constructs (Fig. 6T,U) . We also observed that in some Cad7-shRNA-expressing embryos, BM axons grew laterally but failed to navigate to their exit points (Fig. 6J) .
We next electroporated a Cad6B-shRNA plasmid and analysed axon growth at E5-6, which is after the normal onset of Cad6B expression. A control Cad6B-shRNA plasmid containing scrambled sequence did not adversely affect BM axon growth (Fig. 6K) . In Cad6B-shRNA-expressing embryos, defects in the early projection of BM neurons were not observed, consistent with Cad6B not playing a role in early axon projection. However, in 8/16 embryos, BM axons were consistently observed overshooting their dorsal exit points (Fig. 6M) , or failing to turn towards this region (Fig. 6N,V) .
We therefore examined peripheral axon growth in transverse cryosections of electroporated embryos. Scrambled Cad6B-shRNA-RFP + axons navigated towards the branchial muscle plate (Fig. 6O ) and entered the branchial arch muscle in a tightly fasciculated manner (Fig. 6P,W) (Prin et al., 2005) . By contrast, electroporation with Cad6B-shRNA resulted in BM axon defasciculation from the nerve bundle en route to the branchial arch (3/3 embryos; Fig. 6Q ,R) and also within the branchial arch muscle (Fig. 6S,W) . This suggests that Cad6B mediates fasciculation of BM axons en route to their targets.
Cad6b activates the PI3K/Akt pathway
The formation of an E-cadherin-catenin complex has been shown to recruit PI3K to the cell membrane (Xie and Bikle, 2007) , and blocking E-cadherin function inhibits activation of the PI3K effector Akt (Calautti et al., 2005) . Additionally, in sensory neurons, Akt enhances axon branching (Markus et al., 2002) , a phenotype closely related to the effects of Cad6B expression that we have
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Development 137 (5) demonstrated in cranial motoneurons. We thus asked whether the PI3K signalling pathway might mediate Cad6B-induced cranial motor axon branching. We cultured cranial motoneurons on mock-transfected (control) or Cad6B-expressing monolayers in conjunction with the potent PI3K inhibitor LY294002 (Vlahos et al., 1994) . On control monolayers, there was no significant difference in branching between cranial motoneurons treated with DMSO (vehicle control) or with 10 mM LY294002 (P=0.66, Student's t-test; Fig. 7A,B,G) . Cranial motoneurons cultured on a Cad6B-expressing monolayer in the presence of DMSO showed a significant elevation in branching relative to these controls (2.2 branch points compared with 1.5; Fig.  7C ), consistent with our previous results (Fig. 2I) . Application of LY294002 at 10 mM and 40 mM attenuated branching to levels equivalent to those for neurons on control monolayers (1.2 and 1.6 branch points, respectively; P=2.7ϫ10 -5 and P=0.03, respectively, Student's t-test; Fig. 7 D-G) . Therefore, abrogation of PI3K signalling can block Cad6B-dependent BM neuron branching, suggesting that this pathway mediates the Cad6B effects.
Cad6B upregulates phospho-Akt in cranial motoneurons
We first determined whether the overexpression of Cad6B in vivo enhances phosphorylation of the PI3K effector Akt. Constructs for full-length Cad6B and myr-GFP, or myr-GFP alone (control), were electroporated into the hindbrain at E2 and transverse sections through the hindbrain examined at E5 using immunohistochemistry for GFP and phospho-Akt (pAkt; anti-phospho Ser473). Control, GFP-positive axons extending towards the dorsal BM exit points exhibited a low level of pAkt (Fig. 7H,I ). By contrast, in axon bundles electroporated with full-length Cad6B and myr-GFP, pAkt was abundant and colocalised with GFP (Fig. 7J,K) .
We next overexpressed a constitutively active form of Akt [myrAkt (Markus et al., 2002) ] in chick hindbrains at E2, and analysed electroporated motoneurons at E5-6. Myr-Akt expression produced striking phenotypes of ectopic branching and multipolar neuronal morphology (14/14 embryos). Many axons showed ectopic interstitial branching, often bifurcating (Fig. 7L,M) in a manner reminiscent of Cad6B-overexpressing neurons (compare with Fig. 5I,J) . Many 811 RESEARCH ARTICLE Cadherins in cranial motoneuron development neurons also failed to extend a single axon and displayed multiple processes (Fig. 7N) , or extended two axons from the cell body (Fig.  7O ). This appears to be a similar, but more extreme, phenotype to that seen in vivo with Cad6B overexpression (e.g. Fig. 5J,L) . This is consistent with PI3K mediating the effects of multiple signalling pathways in BM neuron axon specification (polarisation) and branching, including Cad6B effects. Taken together, the effects of PI3K inhibition in vitro and of Cad6B and myr-Akt expression in vivo suggest that PI3K signalling is a likely mediator of Cad6B signalling in BM neurons.
DISCUSSION
Our findings suggest that Cad7 and Cad6B play crucial roles in distinct aspects of cranial motoneuron development. In vitro, Cad7 interactions promote unbranched outgrowth and guidance, whereas Cad6B promotes branching. Furthermore, additional expression of either Cad6B or Cad7 in cranial motoneurons in vitro is sufficient to reverse the effects on axon branching of culture on substrates expressing the other cadherin. In vivo overexpression of cadherins or attenuation of cadherin-dependent interactions dysregulated the orderly projection of cranial motor axons away from the midline and produced ectopic branching within the hindbrain. Attenuation of Cad6B function also impaired peripheral axon fasciculation, en route to the branchial muscles. Results from in vitro and in vivo experiments suggested that the PI3K signalling pathway mediates Cad6B-dependent axon branching. These data point to an important function of type II cadherins in directing patterns of cranial motor axon extension, branching and guidance. We discuss these findings in the context of a model in which early Cad7 interactions between motor axons and radial glia drives early aspects of axon guidance, whereas later Cad6B interactions between cranial motor axons promotes peripheral cranial motor axon outgrowth (Fig. 8) .
Cad7 functions as a contact-mediated attractant to promote growth and to suppress multiple axons and axon branching Soon after their differentiation, post-mitotic cranial motoneurons project a single axon laterally away from the floor plate, with few, if any, interstitial branches (Guthrie and Lumsden, 1992; Hammond et al., 2005 ; and the present study). We have demonstrated in vitro that in the first phase of this outgrowth at E3, Cad7-mediated interactions promote axon extension (Fig. 8A ). This observation is consistent with previous data showing that members of the cadherin family enhance neuron initiation and outgrowth (Andrews and Mastick, 2003; Boscher and Mege, 2008; Marthiens et al., 2005; Piper et al., 2008; Uemura et al., 2007) .
Cad7 is expressed by the neuroepithelial cells ('radial glia') of the basal plate, which lie immediately lateral to the site of motoneuron differentiation, and so could act as a guide for Cad7-positive motor axons. As Cad7-mediated interactions in vitro prevent the formation of multiple axons and branches, it is therefore plausible that they promote the establishment of a primary axon facing away from the floor plate (Fig. 8A) . The phenotypes produced by gain-and loss-of-function of Cad7 in vivo are broadly consistent with these proposed roles for Cad7. Global overexpression of Cad7 led to a loss of axon projections to exit points and resulted in misorientation of axon projections
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Development 137 (5) longitudinally. Our interpretation of these phenotypes is that global, rather than patterned, expression of Cad7 impairs the mediolateral directionality of outgrowth. Phenotypes caused by dominant-negative cadherin expression and Cad7-shRNA caused an abnormal motoneuron morphology, with ectopic branching, misorientation and some axon guidance defects (e.g. longitudinal projection), consistent with a role for Cad7 in unbranched circumferential axon growth. Additionally, Cad7 is expressed by the neural crest-derived boundary cap cells of the exit point which BM axons traverse (Niederlander and Lumsden, 1996) , and might act as an exit pointderived chemoattractant (Guthrie and Lumsden, 1992) .
Taken together, these data suggest that Cad7-mediated interactions are required to ensure BM axon projection away from the midline and to suppress inappropriate multiple axon extension and interstitial branching.
Cad6B functions to promote branching and peripheral axon growth
Cad6b is expressed by BM neurons and their axons (but not by their environment) at a stage when most motoneurons have been generated and have migrated dorsally towards their exit points (Ju et al., 2004) . We therefore propose that Cad6B does not act as a directional guidance cue, but functions homophilically between adjacent BM neurons/axons (Fig. 8C) . Global and premature overexpression of Cad6B in vivo led to the production of multiple axons, ectopic interstitial branching and fasciculation of BM axons in the hindbrain, whereas loss of function led to axonal defasciculation peripherally. In vitro assays have suggested that Cad6B-mediated interactions are stronger than those mediated by Cad7 (Nakagawa and Takeichi, 1998) . Cad6B might therefore be required for the coalescence of cell bodies within nuclei and for the integrity of peripheral nerves, perhaps to guide 'late'-extending axons along pre-existing tracts, consistent with the observation that axons selectively fasciculate with axons expressing the same cadherins (Redies et al., 1992; TreubertZimmermann et al., 2002) .
Molecular mechanisms of cadherin-mediated interactions
Here we have demonstrated that Cad6B-mediated interactions activate the PI3K pathway, as has previously been shown for other cadherins (Calautti et al., 2005; Xie and Bikle, 2007) . Overexpression of Cad6B caused an increase in Akt phosphorylated at Ser473. Our in vivo results also show that myr-Akt overexpression causes a loss of neuronal polarisation, probably owing to activation of PI3K signalling all around neurons, rather than in the leading process destined to become the axon. In C. elegans, PI3K signalling is required for the colocalisation of various signalling components and to create a stable leading process during neuronal polarisation (Adler et al., 2006) . Although PI3K is often required for axon extension per se, e.g. in cadherin-11-dependent axon growth (Boscher and Mege, 2008) , we found that PI3K inhibition did not block BM axon outgrowth. Rather, both the in vitro data using PI3K inhibitors and the in vivo effect of myr-Akt suggest that the PI3K pathway regulates BM neuron interstitial branching. This is in accordance with a previous study that demonstrated that active Akt increases branching by sensory neurons (Markus et al., 2002) . Cad6B-PI3K interaction presumably occurs following Cad6B recruitment of b-catenin, which in turn binds to PI3K, resulting in Akt recruitment to the plasma membrane (Xie and Bikle, 2007) and the initiation of new branch points along the axon shaft.
Cad7 and Cad6B collaborate with other cues to guide cranial motor axons
It is likely that Cad7 and Cad6B collaborate with the repertoire of both repulsive and attractive guidance cues that are required for BM axon guidance (reviewed by Guthrie, 2007) . We have shown that Netrin-1, Slit1/2 and possibly Sema3A signalling repel BM axons away from the floor plate (Varela-Echavarria et al., 1997; Hammond et al., 2005) . Cad7-mediated attraction from the basal plate could assist this repulsion to guide axons dorsally. Hepatocyte growth factor derived from branchial muscles and possibly other peripherally derived neurotrophic factors promote the growth of cranial motor axons and guide them to muscle targets (Caton et al., 2000; Naeem et al., 2002) . Cad6B-mediated contact attraction might be an adjunct to these mechanisms in peripheral axon guidance. RESEARCH ARTICLE Cadherins in cranial motoneuron development 
